Suspension-cultured cells of Rosa dsena that have been irmdiated with ultraviolet light (254 nanometers, 2.1 x 10p joules per square meter) rapidly lose KI and HCO3-ions to the medium. If the HC03-is derived from respiratory CO2 inside the cell, then loss of HCO3-should be accompanied by an acidification of the cytoplasm. Estimates of the pH of control and ultraviolet-irradiated cells by 31P-nuclear magnetic resonance spectroscopy indicated that, following irradiation, the pH of both cytoplasm and vacuole dropped by 0.2 to 03 units. This change was not as great as was predicted from the observed HC03-loss. Analysis of nitrogenous compounds in the cell suggested that reduction of nitrate and synthesis of y-aminobutyric acid absorbed some of the protons formed by the synthesis and dissociation of bicarbonate.
UV radiation has been used as a tool to probe the regulation and integration of ion transport across the membranes of cells of several different organisms (2, 7, 13, 14, 19, 21) . When suspension-cultured rose cells are exposed to shortwave UV (254 nm), they respond within minutes with a rapid efflux of K+ ion ( 13) . The irradiated cells retain viability, as measured by fluorescein diacetate, for 1 d, and they maintain their normal rate of respiration, showing that the loss of K+ does not result from the death of the cells. The irradiated cells do not leak substantial amounts of nitrate, phosphate, chloride, or calcium ion, further indicating that the K+ efflux does not represent a general disintegration of the plasma membrane. Murphy and Wilson (13) reported that the appearance of K+ in the external medium was matched in part by an appearance of HCO3Q. The authors suggested that HCO3 , produced by hydration ofrespiratory CC2, served as a counterion to K+ in the efflux process. The suggestion was supported by the observation that the Qco2 of a cell suspension dropped after irradiation, even though Qo2 did not change.
If the source of HCO3 is, as suggested above, the cytoplasmic reaction CO2 + H20-> H+ + HC03-, then the efflux of HCO3
should be accompanied by an equivalent accumulation of H+ in the cytoplasm. The objective of the work reported here was to test for the predicted acidification following UV irradiation and to determine how the cells dealt with it, if it occurred. We used 3'P-NMR' spectroscopy to estimate cytoplasmic and vacuolar pH nonintrusively in control and UV-treated cells. We analyzed the medium and extracted fluids of these cells to show that reduction of nitrate to amino acids limited the pH change caused by the UV treatment.
' Abbreviations: NMR, nuclear magnetic resonance; gaba, -y-aminobutyric acid.
MATERIALS AND METHODS Cell Cultures. Suspension cultured cells of Rosa damascena var Gloire de Guilan were grown as previously described (13) . For experiments, we filtered 5-d cultures (50 ml) three times, resuspending the cells each time in 50 ml of solution containing 1 mM CaC12 and 0.1 mM KC1. Suspensions contained an average of 3 x 0I cells ml-' with a fresh weight of 0.06 g ml-' (13 Analysis ofthe extracts of cells filtered from the media showed a loss of K+ with UV treatment that matched the appearance of K+ in the media ( Table I ). Assuming that the volume of the protoplasts in cultures of this age was about 0.06 ml/ml of suspension (13) , the average change in K+ concentration in the cells (without concern for compartmentation or intercell heterogeneity) was from 73 mm (before UV) to 56 mm (2 h after UV), a decrease of approximately 23%.
The pH ofthe extracts varied widely between experiments, but consistently decreased with UV treatment in each experiment (Table I) . By measuring differences within six experiments, we can say that 2 h after UV irradiation, the acidification of the diluted extracts amounted to 0.24 ± 0.04 units, a highly significant value.
NMR Spectroscopy. The 3'P-NMR spectrum of control cells showed a strong vacuolar phosphate peak at 0.890 ppm, a weaker cytoplasmic phosphate peak at 2.845 ppm, and two distinct sugar-phosphate peaks at 4.847 and 4.244 ppm ( Fig. 1 ; Table II) . Peaks corresponding to nucleoside di-and triphosphates were barely detectable with 1500 scans (approx. 15 min), but were distinct in spectra obtained with 4500 scans. The presence of the sugar-phosphate and nucleoside triphosphate peaks suggested that the cells had a healthy energy balance, though the data were not precise enough to allow a calculation of energy charge.
NMR spectra of UV-irradiated cells showed the same peaks as control cells; however, the peaks were significantly shifted to lower ppm values (Table II) . The shift was 0.1 1 ppm for vacuolar phosphate, 0.26 ppm for cytoplasmic phosphate, and 0.12 ppm for the higher sugar-phosphate peak (glucose-6-phosphate; see Ref. 12) . Using the data of Gillies et al. (4) and assuming an intracellular ionic strength of 0.3 M, these shifts corresponded to changes in pH of 0.25, 0.30, and 0.23 units, respectively.
Inhibition of respiration has been reported to acidify maize cell cytoplasm (14) , yet also to inhibit UV-induced K+ efflux (13) . We were curious to learn whether anaerobiosis would accentuate or reverse UV-induced changes in rose cell pH. Therefore, suspensions were subjected to anaerobiosis by bubbling with N2 instead of air.
Control cells treated with N2 showed increased cytoplasmic phosphate and decreased sugar-phosphate and nuceloside di-and triphosphates (Fig. 1) . The cytoplasmic phosphate peak shifted to lower values by about 0.5 ppm, corresponding to a change in pH of 0.5 pH units. The vacuolar phosphate peak shifted in the opposite direction by about 0.1 ppm, corresponding to a pH rise of 0.1 unit.
The reason for the acidification ofthe cytoplasm is not known. Certain plants metabolize glucose to produce organic acids, such as lactic and malic acids, under anaerobic conditions (16) . However, when we analyzed organic acids in extracts of control and N2-treated cells, we found no significant difference (data not shown). A net hydrolysis of ATP to ADP and inorganic phosphate also releases protons (5) . The data in Figure 1 suggest that such hydrolysis occurs in our system and may account for the drop in pH.
The effects of N2 treatment on UV-irradiated cells were similar to those on control cells; however, it was very difficult to resolve the signals in the region to the left of the vacuolar phosphate. When a presumptive cytoplasmic peak could be resolved (two experiments), its position had shifted from that of the aerobic, irradiated cells by 0.3 ppm, corresponding to 0.3 pH units. There was little difference in cytoplasmic pH (0.06 units) between anaerobic control and anaerobic irradiated cells, suggesting that in anaerobic cells there was little effect from irradiation.
Nitrogen Analysis of Cell fluids. The pH of the cells did not change as much as had been expected after UV irradiation (see "Discussion"). In an attempt to explain why, the suspension Table I . Analysis ofFiltratesfrom Control and UV-Irradiated Suspensions Ten ml of suspension containing 0.6 g washed cells were UV-treated, incubated, then filtered. These filtrates ('media') were analyzed for K+, HCO3-, and pH. The cells were extracted by freeze/thaw and/or heating in 10 ml of water and were again filtered. These filtrates ('extracts') were analyzed for K+ and pH. Similarly, for control and irradiated samples taken 2 h after irradiation the difference in nitrate was 0.57 ± 0.27 !umol g-' and the difference in total inorganic nitrogen was 0.47 ± 0.28 ,gmol g-'. The differences in nitrate were significant at the 5% level. Table IV electrode measurements of cell extracts, which indicated that UV radiation induced a change of 0.2 units. The similarity of the changes induced by UV in the pH of the cytoplasm and vacuoles was in contrast to the changes caused by anaerobiosis. In anaerobic cells, acidification was confined to the cytoplasm (Fig. 1, line D) . The same was found to be true of maize root tips (15) and Acer pseudoplatanus cultured cells (12) . It seems likely that acidification occurred first in the cytoplasm in both cases: by ion transport across the plasma membrane in irradiated cells, and by biochemical reactions in anaerobic cells. Then, in irradiated cells, protons were transported across the tonoplast into the vacuole; in anaerobic cells, this process did not occur. The difference may have reflected the relative energy charges of the cells in the two situations. Protons flowing into the vacuole move against a concentration gradient of almost two orders ofmagnitude (Table II) and, probably, against an electrical gradient (9). It has been suggested that this flow depends on a tonoplast-associated ATPase, which operates as a proton pump (3) . ATP, a substrate for this enzyme, appeared to be depleted in anaerobic rose cells (Fig. 1, compare lines A and D) , just as it did in anaerobic maize root tips (15) . ATP appeared to be present in close to normal amounts for at least 1 h following UV irradiation (Fig. 1, line B) .
The UV-induced change in cytoplasmic pH was consistent with the process that we postulated, i.e. an accumulation of H+ resulting from hydration of C02, dissociation of H2CO3, and export of HCO3 . However, the data were also consistent with an alternative hypothesis, i.e. export of OH-and C02, with hydration ofthe CO2 and formation of HCO3 occurring outside the cell. Loppert et al. (1 1) have reported an equal efflux of K+ and OH-from Lemna deprived of nitrate. We have tried to distinguish between the two mechanisms by adding carbonic anhydrase or acetazolamide (an inhibitor ofcarbonic anhydrase) to irradiated cells. In neither case was there a change in the rate of K+ efflux or in the pH relative to irradiated controls (data not shown), but we cannot discount the possibility that nonenzymic hydration was sufficient to allow the process to occur normally. Thus, the identity of the ion leaving irradiated rose cells remains in doubt.
The pH change was not as great as we expected. The amount of acid needed to change the cells' pH was estimated by titrating extracts prepared from 10 ml of cell suspension by sonication or by grinding in a glass-Teflon homogenizer. The amount required to change the pH of the extract from 5.96 to 5.72 (Table I) ranged from 2.3 to 5.2 umol/g fresh weight of cells (data not shown). This estimate is an upper bound, because it takes into account buffering substances in compartments that may not have been available in the cytoplasm and vacuole under normal conditions. Thus, the amount of acid detected by a cytoplasmic pH change of 0.24 was much less than the amount of HCO3 secreted from the cells (6.5-8.4 ;imol g-'). These Another possible biochemical pH stat involves the decarboxylation of organic acids. To the degree that the acids are dissociated, decarboxylation of one molecule absorbs one molecule of H+. If the CO2 that is formed hydrates and dissociates, there is no net production of H+. This process may have operated in our system, but we found no consistent evidence for it. However, the amounts ofacids were high enough, and batches of cells were variable enough, that a physiologically significant change could have been overlooked.
While we believe that nitrate reduction and assimilation of nitrogen into amino acids like gaba served to limit the UVinduced acidification of the rose-cell cytoplasm, we make no claims regarding the reason why reduction and assimilation were increased in irradiated cells. It is tempting to speculate that UV or UV-induced acidification activated a key reaction in the assimilation pathway, but evidence must await further work.
